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directions. The following text attempts to summarize the discussions that took place at the workshop.
Nomenclature
A area a speed of sound C f skin friction coefficient D 1 Damkohler first number, L/ut c D 2 Damkohler second number, 
Introduction
This paper summarizes the discussions held at an Air Force/NASA Workshop on Supersonic Combustion, in Newport News, Virginia on May [14] [15] [16] 1996 . The purposes of the workshop were: (1) to review current design, performance, and testing practices for scramjets --supersonic combustion ramjets used in high-speed airbreathing propulsion systems; and (2) to investigate the application of novel analytical methods, including experimental, theoretical, and computational approaches, to improve scramjet designs.
Recent programs for developing high-speed aerospace vehicles that utilize airbreathing propulsion provided the motivation for this workshop. Many of these programs were discussed at the recent AIAA 7th International Space Planes and Hypersonics Systems and Technologies Conference held in Norfolk, Virginia on November [18] [19] [20] [21] [22] 1996 . Despite a high level of activity and financial investment in scramjet development for high-speed flight, no operational example of a scramjet currently exists. The cancellation of the United States National Aero Space Plane (NASP) program reflects the difficulties in developing this mode of propulsion successfully.
The intention of the organizers of the workshop was to provide a unique forum in which the developers and testers of propulsion technology could interact directly with members of the research community. The workshop was organized to intersperse formal presentations with open discussion in order to find common ground between two professional activities that otherwise might not have opportunities for such direct contact. To facilitate these interactions and discussions, invitations to attend the workshop were extended to approximately sixty participants, as summarized in Table 1 . These participants were invited because of their experience and records of accomplishments in areas of research and technology relevant to scramjet design and testing. The organizers recognized that many other scientists and engineers possess knowledge and capabilities appropriate to the workshop but believed that an excessively large number of participants would hinder the interactions. The presence or absence of any scientist or engineer in Table 1 therefore does not represent anyone's opinion about the professional merits of participants versus nonparticipants.
The workshop was conducted over a 2-1/2 day period. The first two days were devoted to presentations and related discussions. The topics and presenters are listed in Table 2 . The body of this paper will review these presentations. This paper also may contain some additional ideas and comments that the authors have assembled since the workshop was held, but the primary content reflects the presentations and related discussions at the workshop. On the last half day of the 
Engine Design Issues
The workshop began with a review of current practices for designing scramjet engines. Practical system issues such as mission requirements, integration of the inlet/isolator, combustor, nozzle, airframe, fuel system specification, and cooling concepts were addressed. The objective of this session was to discuss global design challenges associated with both cryogenic and hydrocarbon-fueled scramjets with the intent of identifying basic research opportunities to impact scramjet technology needs. However, at the time of the workshop, the Air Force had already defined a national program to develop technologies required for the development of a fixed geometry scramjet engine capable of operation over Mach 4 -8 flight regime using conventional JP-based hydrocarbon fuels. Therefore, the majority of the discussion centered around technical challenges associated with the development of tactical missiles using storable fuels capable of acceleration from Mach 4 and cruise at Mach 8.
For this discussion, high speed vehicles were divided into the following two classes: a) aircraft or man-rated; b) expendable. The choice of high speed propulsion system (airbreathing, and rocket) hinges on many design and mission requirements. Factors such as size, weight, design complexity, maintainability, longevity, storability, production and life cycle costs, and logistic supportability were identified to be just as important as the performance characteristics (speed, range, and efficiency) of the hypersonic vehicle. Billig [1] listed some of the characteristics of hypersonic air-breathing vehicles, see Table 3 . It is interesting to note that the combustor length remains virtually constant at 2-6 ft for the three classes of hypersonic vehicles, suggesting that supersonic combustion processes are inherently mixing-limited.
The trade-off strategy to attain high combustion efficiency is much more complex in supersonic combustors, where shear losses can drastically reduce engine performance. Simply adding combustor length for optimization of mixing/combustion efficiency is usually not the prudent engineering solution.
The choice of air-breathing ramjet engine cycles depends on the flight Mach number. For example, at lower flight Mach numbers (M < 5 -6) the subsonic integral rocketramjet is the preferred cycle. At high Mach numbers (M > 6 -7) the scramjet cycle is the preferred mode of operation. However, a tactical missile --an expendable, low cost, low weight, and therefore fixed geometry flow path design capable of operating at high flight Mach numbers M > 6.5 using conventional storable liquid hydrocarbon --must operate as a ramjet at low flight speeds and as a scramjet at hypersonic speeds. Fortunately, if adequate combustor-inlet isolation is provided, the scramjet will function in a subsonic combustion mode at low Mach numbers with slightly lower efficiency than that of a conventional ramjet. However, a hydrocarbon-fueled scramjet designed to operate efficiently at Mach 7 -8 using a fixed geometry flow path has not been shown to operate efficiently at Mach 4 flight conditions without resorting to use of massive auxiliary piloting [2] , or without the use of large amounts of stored reactive oxidizer, e.g., chlorine trifluoride [3] . An interesting example of a massively piloted scramjet concept is the Dual Combustor Ramjet (DCR) which was designed and tested at Johns Hopkins University, Applied Physics Laboratory, and is schematically shown in Figure 1 . This is an axisymmetric design in which the forebody serves as the initial compression surface of the supersonic inlet. In this concept, the incoming flow is divided into eight segments at the cowl lip. Four smaller inlets supply air to a subsonic dump combustor. They operate supercritically (the normal shock is swallowed) to avoid the interaction of the normal shock with the flow entering the larger inlets that feed the supersonic combustor. In order to provide stable combustor operation over a wide range of flight Mach numbers, the flow passages to the subsonic combustor have an increasing cross sectional area in the streamwise direction. The major portion of the air is captured by the four larger inlets and the external cowl compression surface and turned supersonically inward toward the engine axis. Captured flow is spread radially to form an annulus of supersonic flow that surrounds the outlet of the dump combustor. The aft sections of these supply ducts have slightly diverging flow passages in the streamwise direction, which effectively act as the combustor-inlet isolator.
When the propulsion system is operating at a high equivalence ratio and/or at low flight Mach numbers, the isolator section can sustain a shock train with a pressure rise equivalent to that of normal shock. In this mode of operation the combustor inlet Mach number is less than one, and the mean Mach number at the combustor exit is either sonic or supersonic. At lower engine equivalence ratios and/or higher flight Mach numbers the isolator shock train pressure rise is equivalent to that of an oblique wave structure.
With the inlet/isolator operating in the oblique shock mode, the mean flow Mach number throughout the scramjet is supersonic. This dual-mode engine operation has been discussed fully in the literature [4] [5] [6] .
The issue of coupling combustor burner characteristics to vehicle cooling requirements is very important. The endothermicity of hydrocarbon fuels requires vehicle structural components to act as a heat exchanger/thermal cracking reactor. The composition of the cracked products depends on the timetemperature history of the cracking process throughout the vehicle structure. Changes in chemical composition or the state of the fuel directly affect burner operational characteristics; the time required for a radical pool to reach flammable conditions is linearly dependent on concentration, quadratically dependent on pressure, and exponentially dependent on the temperature. Therefore, precise control of the thermal cracking process is essential to the production of the desired fuel conversion (constituents) at the burner entry throughout the flight trajectory. However, the coupling of the heat exchanger/reactor to the combustor is not without its engineering challenges. Many tests of heat exchanger reactors have shown severe acoustic instability, leading to catastrophic failure.
Tests of regeneratively cooled structures with endothermic fuels feeding a combustor have shown system instabilities between the two systems. The source of these acoustic instabilities may be the fact that hydrocarbon fuel remains near the thermodynamic critical point within the heat exchanger, where thermodynamic properties such as density, viscosity, latent heat, ratio of specific heats, and speed of sound show large variations with respect to small changes in temperature and pressure.
Mixing and heat release are significant engineering challenges in supersonic flows. However, when the engineer considers all aspects of the system design, mixing optimization, and/or combustion efficiency may not be the driving factors.
Thus, combustor and isolator lengths may not dictate the internal duct length. Since the internal drag can reduce the performance of a scramjet engine significantly, combustor designs with large surface areas should be avoided. Furthermore, the designers are usually careful in using intrusive injectors. Aside from the severe cooling requirements, the base and wave drag of many hyper-mixers render them ineffective in a practical device. Therefore, one must optimize and balance system overall performance, (i.e., maximizing net positive thrust), at the expense of not achieving complete mixing.
To develop a scramjet, designers require a design strategy. The following process was proposed: (1) start with a conceptual vehicle design; (2) optimize the design by sensitivity analysis; (3) select inlet(s), and conduct inlet tests, preferably in conjunction with the isolator, combustor, and injector components; (4) analyze the experimental data to update the cycle analysis codes to assess the performance potential of the scramjet design; (5) optimize the combustor/injector design concept. In order to implement this design strategy, accurate models for predicting jet penetration, mixing, combustion, heat transfer, and combustor-inlet interaction are required.
To develop such models, research efforts must be ongoing for better understanding of the physics of supersonic combustion to evaluate and update the empirical design models used by the engineers. Free jet, semi-free jet, and direct connect tests must be conducted in sufficient detail to allow meaningful assessment of the performance and operational characteristics of the design and generation of benchmark data to aid with the development and validation of the analytical tools.
Ground Testing
The objective of this session was to introduce and discuss the state of testing and measurement technology used for assessment of scramjet performance in ground based facilities. The speakers outlined test procedures, instrumentation and measurement accuracy requirements, analytical modeling of the aerothermochemical processes, and error analysis procedures used for performance testing of the scramjet flow path.
Conventional ramjets and scramjets designed for Mach 6 -8 flight push the limit of long duration (~ seconds to minutes) ground test direct-connect or free-jet test facilities. Higher speed flight conditions (M >10) are simulated in pulsed facilities that can generate flight enthalpies in excess of M = 15 conditions, but only for a few milliseconds. In this session most of the discussion centered around testing scramjets in direct-connect and free-jet facilities. Figure 2 is a schematic illustration of a direct connect test facility. These facilities are relatively straightforward and are composed of the following key elements: (1) a high pressure air source; (2) an air heater (vitiated/arc-heated/pebble-bed/gas fired heat exchanger) for proper simulation of flight enthalpy; (3) a facility nozzle for proper simulation of combustor/isolator inlet Mach number in direct-connect tests or flight Mach number in free-jet tests; (4) a combustor and/or scramjet test article; (5) a load measuring system for thrust measurement; and (6) a steam calorimeter for estimation of combustion efficiency.
Typical scramjet combustor entrance properties [7] are depicted in Table 4 . In theory, it is desirable to duplicate or match these properties as closely as possible. However, practical requirements --such as: power generation; fabrication of hardware to sustain the pressure; and facility and model cooling requirements for testing at flight enthalpy, which increase linearly with facility size (mass flow rate) and quadratically with flight Mach number--may prevent duplication of all flight parameters. Anderson et al. [8] defined pressure, temperature, velocity, gas composition, and characteristic length scale as the primitive variables that describe the scramjet flowfield. Voland and Rock [9] have pointed out that, since complete duplication of the flight parameters in ground test facilities may not be possible, then one must identify parameters that impact the physical processes of supersonic combustion. It is generally agreed that these parameters are: flight Mach number, total enthalpy, Reynolds number, Stanton number, Damkohler first and second numbers, and the wall enthalpy ratio. Voland With few exceptions, instrumentation in these facilities is rather conventional and is limited to electromechanical devices for measuring pressure, temperature, gas composition, thrust, and combustion efficiency. Complexity and safety requirements compound the difficulty of incorporating advanced laserbased diagnostic techniques. Most often, steam calorimetry is used in long duration test facilities to quantify the amount of energy release, hence combustion efficiency. Several accurate measurements must be made to account for a proper energy balance from the heater to the calorimeter exit plane. These include: temperatures and flow rates of air, make up oxygen, fuel (heater and combustor), quench water, total temperature at the exit plane of the calorimeter, and heat loss through the facility nozzle and combustor walls. In this technique, water is injected downstream of the combustor exit plane to rapidly quench chemical reactions. The precision of the total temperature measurement at the calorimeter exit plane significantly impacts the analysis and the results. Stevens and Thompson [10] schematically illustrate the procedures used for analysis of an arc-heated facility, Figure 3 . They also point out that various issues, such as precise determination of the heater stagnation condition, facility nozzle effective flow rate and discharge coefficient, combustor entrance and exit conditions, and calorimeter exit conditions are extremely important for precise estimation of scramjet combustion efficiency using a steam calorimeter.
In general it is recommended that, in addition to steam calorimetry, other measurements such as thrust, combustor pressure distribution, skin friction, Pitot pressure, and gas sampling should also be attempted. Table  5 shows the relative accuracy of the derived combustion efficiency (η c ) and the skin friction coefficient (C f ) as functions of measured parameters.
Free Stream Conditions
Isolator entrance Conditions Table 5 . Measurement Sensitivity Fuels and Fuel Systems "Fuel is becoming the integrating factor of the complete {high-speed vehicle} system" --E. T. Curran in [11] . "The problem is, we don't know how to make the scramjet combustor work efficiently using conventional fuels at low flight speeds corresponding to end-ofboost" --F. Billig at this workshop.
There have been many recent workshops [11] [12] [13] and books [14, 15] in the supersonic combustion area that included discussions of fuels issues. A general consensus is: storable JP-type hydrocarbon fuels can be used up to Mach 6-8, although the upper end of this range will be a significant technical challenge that will require chemically reactive "endothermic" fuels. Lou Spadaccini of United Technologies Research Center briefed the workshop on endothermic fuels [16] . Liquid methane could be used to somewhat higher Mach numbers, but speeds in excess of about Mach 10 will require liquid hydrogen.
Air Force perspective
With the demise of NASP, the Air Force (AF) has focused its high-speed propulsion effort on storable hydrocarbon-fueled vehicles. Storable-fueled hypersonics is viewed as an important technology for the AF for various future missions [17] . However, hydrocarbon fuels have significant shortcomings in supersonic combustion when compared to hydrogen, notably relatively long ignition delays and limited cooling capability [12, 13] . One issue that needs to be addressed in practical engine design is the transition of the fuel injection and combustion processes that occur as the fuel temperature rises in the vehicle cooling passages. Early in the flight, cooling requirements are minimal, and the fuel is injected in a liquid phase. As the flight progresses and the flight speed increases, fuel may be heated to be well above its thermodynamic critical point.
In both advanced gas turbines and scramjet engines, the fuel may be partially reacted (cracked or dehydrogenated) through its use as a coolant before reaching the combustor.
It is of significant AF interest to determine the effect of this change in fuel character on the combustion process. It is anticipated that this partially reacted fuel will burn as well as, say, ethylene, with some claims that the combustion properties (such as ignition delay or reactivity) may approach or exceed that of hydrogen. Appropriate questions that need to be addressed are: (a) will the ignition delay of a partially cracked or dehydrogenated fuel under engine conditions approach that of (e.g.) ethylene or even hydrogen; and (b) how will the combustion efficiency/reactivity of a fuel change as it is heated and is partially reacted in the fuel system. The first step in kerosenerange hydrocarbon fuel combustion is often cracking of the C 12 -level molecules to C 1 -C 3 species. How will the combustion process be affected if these cracking reactions occur "upstream" of the combustor?
The use of fuel as a coolant in advanced engines can lead to thermal and catalytic reactions in the fuel, yielding H 2 , CH 4 , C 2 H 4 , C 2 H 6 , etc. [16, [18] [19] [20] [21] . As these partially reacted, hot (e.g., 1200
0 F/650 0 C) fuels are injected into a gas turbine or scramjet combustor, it is appropriate to consider how the hot, partially reacted state of the fuel might affect the combustion process. As the liquid fuel is heated at pressure, it becomes a supercritical fluid with significantly different physical properties, such as density and viscosity [29] . This could be expected to significantly change injection behavior [30] . As the fuel begins to react in the fuel system, chemical changes in the injected fluid could also affect the combustion process. For example, ignition is considered to be a "radicalpoor" process [22] , and ignition delay is affected by radicals present due to air vitiation [23] . Are there sufficient radicals present in the "reacted" fuel at ~ 1200 0 F to reduce ignition delay in a similar manner? In some cases, the reacted fuel can contain large mole percent levels of H 2 , especially for endothermic fuels such as methylcyclohexane that are dehydrogenated. Does this H 2 content improve the ignition delay? Note again that the relatively long ignition delay time of hydrocarbons relative to H 2 is a key limitation for hydrocarbon-fueled scramjets [12, 13] . There is evidence from shock tube tests that the ignition delay of hydrocarbons is reduced by the presence of hydrogen, but still is orders of magnitude larger than that for pure hydrogen [24] . The kinetics of combustion are also of interest. Does the reacted fuel burn in a manner similar to its measured stable constituents, or does the presence of (significant?) amounts of hydrocarbon radicals change the reactivity? Another factor affecting combustion is that significant fractions of hydrogen could be generated in the fuel fed to the combustor either by fuel dehydrogenation or by "steam reforming" a fraction of the fuel {CxHy + xH2O → xCO + (x+0.5y)H2}. An issue that may be significant is the effect of coke particles or soot precursors in the reacted fuel on combustion. Coking is a significant issue for high temperature fuels [16, 18, 25] , and some fuels may form aromatics as part of the cracking process.
Supercritical fuel increases the solubility of coke precursors (oligomers) from catalysts [26, 27] . How will these fuel-borne aromatics, particulates, and oligomers affect soot formation (and thus radiative heat loads in the combustor and emissions)?
The consensus at the workshop appeared to be that the answers to most of these questions are not known. To obtain this information, it was suggested that the effects of changes in the fuel must be studied in a realistic simulation of the scramjet combustion process, i.e. one that represents the diffusive nature of the combustion. One sub-scale possibility is co-annular or opposed-jet burners [28] that would burn hot, partially reacted fuels. Premixed combustion devices appear to be inadequate to address the important issues.
NASA Perspective on Fuels
The NASA Langley Research Center (LaRC) has been examining both hydrogen and hydrocarbon-fueled hypersonic vehicles concepts, including dual-fueled (H 2 + HC) vehicles.
Dual-fueled systems have advantages, as demonstrated by the dualfueled Apollo missions. Chuck McClinton briefed the workshop on the status of LaRC's scramjet work in these areas. NASA studies have confirmed the Mach 7-8 limit for hydrocarbon-fueled vehicles. NASA work, as discussed above, has shown the ignition, combustion, and cooling difficulties of hydrocarbon fuels. Hydrogen is a much better scramjet fuel, except in the areas of volumetric fuel energy density and logistical supportability.
Published NASA vehicle designs for both hydrocarbon-fueled [31] and hydrogen-fueled [32] vehicles were mentioned. NASA is supporting the Air Force HyTech program with analysis and modeling, although the primary focus of NASA/LaRC's work is flight tests of a H 2 dual-mode scramjet system.
Combustion Chemistry
This portion of the workshop addressed the identification of detailed chemical kinetic mechanisms for scramjet combustion and the reduction of those mechanisms to produce kinetic models for combustor design codes. Discussions were also directed at approaches to model turbulence-chemistry interactions.
The computational complexity of solving turbulent fluid transport equations provides a strong incentive for simplifying the description of chemical kinetics as much as possible in combustor design codes. The degree of success of such simplifications depends on the information that is required for each calculation. For example, equilibrium chemistry is adequate for calculations of nonoptimum, non-critical global performance and has been used successfully for such applications as predicting overall energy release in internal combustion engines. However, the accuracy of simplified or reduced chemistry must be scrutinized carefully for other calculations.
An example of the limitations of simplified chemical kinetic models can be found in the calculation of laminar flame propagation using one-step global chemistry [33] . Equation 1 provides an Arrhenius expression to represent one-step model for the laminar burning rate w:
where symbols are defined in the Nomenclature.
The simplest form of the one-step expression would have n as a constant. However, even if n were treated as a pressure-dependent variable, this expression can be shown to be deficient.
To test the validity of eq. (1) with n as a variable, Egolfopoulos and Law [33] measured the laminar flame propagation of methaneoxygen-nitrogen mixtures in a counterflow, twin-flame configuration. Figures 4-5 show the behavior of the laminar burning rate w and the overall reaction order n, respectively. According to eq. (1) w should exhibit a monatonic, exponential dependence on pressure. Figure 4 does not confirm this dependence. Figure 5 shows that the exponent n is always less than 2, which is incompatible with n as a constant. n also has considerable variation with pressure and even can assume negative values. Thus, eq. (1) is a poor estimator of laminar flame behavior.
The physicochemical basis for the deficiency of eq. (1) lies in the inability to account for the complexities of the competition between twobody chain branching reactions and multibody termination reactions in determining flame propagation. The presence of nonreactive third bodies to serve as collision sites in the termination reactions makes these reactions particularly sensitive to pressure.
If more complex reduced chemical mechanisms are needed, then how are they to be derived? The essential first step in producing reduced kinetic mechanisms is the identification of complete chemical reaction mechanisms for representative fuel combustion conditions. For hydrogen fuel, this process is straightforward.
For example a complete chemical reaction mechanism for H 2 -O 2 -CO 2 can involve 13 species and 27 reaction steps. However, for hydrocarbon fuels, it is more complex and difficult. Even a simple methaneair mechanism can include 16 species with 40 reaction steps, while hydrocarbon-air combustion chemistry can involve 40 species with 100 reaction steps for more complex hydrocarbon species.
In hypersonic applications, with fuel needed for cooling purposes, the identification of specific fuel components represents the initial challenge. For example, recent testing of endothermic fuels suggested that ethylene was a major product of endothermic catalytic reactions [16] . However, more recent results, as discussed by Edwards in this workshop, contradict this choice. Processes such a soot formation remain elusive because of their complexity.
A second obstacle to the measurement of complete reaction mechanisms is limitations in reactor and diagnostic capabilities. Kinetics must be measured under thermodynamic and fluid dynamic conditions that simulate high speed propulsion environments. Note that, measurement capability must be adequate for all critical species.
Two steps are generally used for simplifying chemical kinetic mechanisms: development of "starting" mechanisms and "reduced" mechanisms.
The starting mechanism represents a subset of the detailed mechanism, obtained by elimination of elementary reactions to diminish the number of total species in the system by as much as 90%. Further simplifications of the starting mechanism may be achieved by the introduction of systematic "reductions" based on the chemical and flow time scales of the problem. Since calculation times ~ (number of species) 2 , these simplifications can produce dramatic savings in computational time.
Two approaches have been identified to produce starting mechanisms:
1. "Systematic" approaches first use intuitive arguments to eliminate noncritical species and then use sensitivity analysis to reduce the number of reaction steps. Peters [34] introduced steady-state or partial equilibrium approximations to achieve such simplifications. This approach raises concerns that the results may be specific to the type of flame being calculated.
2 Automated procedures. This systematic approach produces mechanisms that span the full range of known experimental results and should not be unique to any individual experiments. Automated reaction procedures have been suggested by Lam [35] , Chelliah [36] , and Pope [37] . This approach has been applied to unsteady zero dimensional (homogeneous) systems but not as yet to combustion involving diffusive transport. Figure 6 [36] illustrates the application of this approach to predict heat release in a nonpremixed counterflow methane-air flame. This figure shows a comparison between a 16 species, 40 reaction step starting mechanism and two systematically reduced mechanisms, developed by introducing steady state approximations. A 31% representative saving in computational time may be expected from such reductions. Similar calculations are underway for oblique detonation wave combustion.
A strategy was suggested to implement automated reduction:
1. Obtain a detailed, comprehensive data base for C 7 -C 12 aliphatic fuels.
2. Select a surrogate fuel.
3. Derive [34] [35] [36] [37] an appropriate reduced mechanism for the intended application. Turbulence-chemistry interactions represent a major complication, coupling chemical kinetic behavior to fluid transport. Shear flows in supersonic combustion will produce strain rates, with a correspondingly large variation in scales affecting ignition, flame stability, and diffusion.
Compressibility introduces additional complications, in which dilatation provides a wave source that impacts combustion.
Diagnostics
The focus of this portion of the workshop was on the application of current optical measurement techniques to scramjet research and testing. Eckbreth [38] describes the fundamental principles on which these techniques are based. Hanson [39] provides an overview of imaging methods in combustion flows. Table 6 summarizes the techniques that were discussed. Each of the five techniques has been applied under actual or simulated propulsion system testing environments. However, with the exception of fuel plume imaging, none of them can be considered to be a standard in current testing facilities.
The benefits of the techniques in Table 6 Sampling and spontaneous emissions spectroscopy have provided data on combustion chemistry. Sampling is a point measurement that is not temporally resolved. The extraction of the sample also can allow additional chemical reactions to occur in the sample, representing a source of error in the measurement.
Spontaneous emission spectroscopy shares the path averaging limitations of image recording methods and requires assumptions regarding excited state population fractions. Table 6 , recent advances in laser-based measurement techniques offer the hope of overcoming many of the limitations noted above for current measurements. However, the application of these methods to practical testing environments is in its infancy, and lessons learned thus far show that the application process generally will not be straightforward or easy.
As indicated in
In Table 6 the results for fuel plume imaging were based on seeding the injected fuel with silica (SiO 2 ) particles as scattering sites for light. As noted in the table, initial problems were encountered by approaches to create these particles through the reaction of silane with oxygen according to the following reaction mechanism:
These approaches produced some problems with nonuniform particle size and particle agglomeration. Furthermore, water vapor would then be present in the fuel as a consequence of this chemical reaction. Subsequently, an alternative approach in which uniform size silica particles were seeded directly into the fuel prior to injection removed this difficulty. For both approaches particle agglomeration and residues proved to be problems. Particle vaporization also was a concern, and the technique worked best for noncombusting tests, in which fuel was injected into nitrogen gas.
Experience with the optical methods of Table  6 has indicated some common areas of concern:
1. Windows. Optical access is a major design concern for a test apparatus. Proper design requires windows to be sufficiently durable and not to alter system behavior.
If cleaning or replacement is required, then ease in performing these maintenance functions should be incorporated into the design of the apparatus.
2. Noise and vibration. Noise should be considered in the general electromagnetic sense. Electrical noise from flow generating equipment and from instrumentation can be a significant interference to low amplitude signal generation.
The Lorenz, Mie, and Rayleigh scattering techniques in Table 6 are examples of elastic scattering, in which the signal radiation is at the same wavelength as the incident radiation. Therefore, spectral filtering methods to reduce background radiation may be more difficult than with the laser-induced fluorescence and coherent anti-Stokes Raman measurements. Mechanical vibrations represent a serious challenge to optical alignment and the durability of optical components and lasers.
3. Extreme thermodynamic conditions. The high temperatures and pressures associated with combustion testing represent a hazard to both measuring equipment and human operators. In some previous tests measurement system design required a capability for remote adjustment and alignment while measurements were being performed.
Environmental and safety regulations. The
safety requirements for propulsion test facilities and those for the operation of laser-based measurement instrumentation are not always directly compatible. Recent experience at one scramjet testing facility that was located outdoors near an airport necessitated enclosing laser beams to shield them from nearby aircraft. These considerations impose additional design requirements that are not directly related to the measurements.
The potential benefits of the methods listed in Table 6 , as well as other methods currently under study, must be taken into consideration in future scramjet development programs. Although these methods generally have not been utilized sufficiently to make their application easy as yet, in some cases unique and extremely valuable data have been obtained that could not be measured by any other means. The rapid advancement of optical measurement technology, including such developments as fiber optics and diode lasers, should facilitate their adoption in the future. Furthermore, routine usage should simplify measurement practices, so the participation of Ph.D spectroscopists will not be required.
Simulation
The role of computational fluid dynamics (CFD) in the design of a hypersonic propulsion system was described by Sindir in this session. The application of computational techniques to major scramjet components, including the inlet/isolator, combustor, and nozzle, was first discussed. The relevant flow physics in each component was considered, followed by the current approaches for analyzing that flowfield. Deficiencies in the current approaches were then described, and new technology required to deal with these deficiencies were discussed. The experiments and data needed to validate the computational tools applied to each component were also discussed. Following the discussion of the analysis and design of individual engine components, modeling of the integrated flow path was considered.
CFD has several roles in the design of a hypersonic propulsion system. It primarily serves as an engineering tool for detailed design and analysis. In addition, results from CFD analyses provide input data for cycle decks and performance codes. Finally, CFD has several uses in engine test programs used to develop an engine concept. CFD is first used to guide the test setup and to determine the proper location for the placement of instrumentation in the engine. It has also proven to be an effective tool for determining the effects of the facility on testing, for example, the effects of contaminants in a combustion heated facility on an engine combustor test. During and following a test, CFD is useful to predict flowfield measurements as a complement to measured data.
The inlet/isolator of a scramjet engine supplies the combustor with a required quantity of air at a specified pressure, velocity, and flow uniformity. The physics of the flow in an inlet are characterized by:
1. Moderate strength shock waves 2. Shock-boundary layer interactions 3. Flow separation in unfavorable pressure gradients 4. Compressibility effects 5. Transition to turbulence 6. High leading edge thermal loads 7. Possible unstart Computational analyses of inlets typically employ codes that solve the Euler equations or Euler iterated with the boundary layer equations for viscous effects for initial analyses. More detailed calculations utilize either the parabolized Navier-Stokes equations or the full Navier-Stokes equations if significant flow separation must be considered. All of the calculations typically solve the steady-state equations so that the simulations can be completed in reasonable times. Turbulence is modeled using either algebraic or two-equation turbulence models with empirical compressibility corrections and wall functions. Transition models are not currently being employed. Thermodynamic properties are generally determined by assuming that the inlet flow behaves as a perfect gas or equilibrium air. Calculations are conducted on fixed grids of 100,000 to 2,500,000 points in multizone domains. A limited degree of dynamic grid adaptation is employed when necessary. Typical run times range from a few minutes to 50 hours on a Cray C-90 computer.
A typical high-speed inlet calculation by Sindir is shown in Figure 7 . The inlet shown in the figure utilizes side wall compression to achieve the desired outflow conditions into a combustor. The flow in the inlet is modeled using a full Navier-Stokes code with an algebraic turbulence model. The calculation is conducted on a grid of 240,000 points. Computed pressure contours are superimposed on the picture of the inlet. The plot in the figure shows a comparison between the computed wall pressures plotted as a function of downstream distance and measured data. The agreement between the computation and the measured data is excellent. Data away from the inlet walls is not available for comparison.
Based on the current state of the art for inlet calculations and the future technology needs, the following advancements are needed. More efficient parabolized and full steady-state Navier-Stokes codes with a factor of five increase in run time efficiency are needed. Significant improvements are also required for temporal Navier-Stokes codes for the analysis of unsteady inlet flowfields, including inlet unstart. Improvements should occur with algorithmic advancements, with one promising area being multigrid methods [40] . Continuing advancements in computer architectures will also enhance code speed. Improved methods for dynamic grid adaptation would also enhance the ability of computational algorithms to capture flowfield features. There is a serious need for the development of advanced transition and turbulence models. This is likely the most limiting area for accurate modeling of inlet flowfields. Promising work is now underway to develop new algebraic Reynolds stress turbulence models with governing equations that can be efficiently solved [41, 42] . For nonequilibrium flows, the differential Reynolds stress equations must be solved, however, and further work is necessary for this to be done more efficiently. Advances in large eddy simulation, with the development of subgrid scale models appropriate to high-speed compressible flow, may also allow this technique to be applied to inlet flows in the future [43] . Finally, work is needed to develop improved transition models for inlet flows, particularly with flows exhibiting adverse pressure gradients.
Experiments must also be conducted to provide code validation data for inlet flowfields.
When these experiments are conducted, more extensive wall pressure measurements are required, along with detailed wall heat transfer and skin friction data. There should also be an accurate definition of the shock structure present in the inlet flow. Finally, in addition to the wall pressure measurements, in-stream measurements are critical for code validation. Initially, velocity profiles would be very useful. Pressure and temperature profiles are also needed. Measurements of these quantities in highspeed compressible flow are quite difficult, stretching the state-of-the-art in flow diagnostic techniques. To accurately measure these quantities in inlet flows, significant work will also be required to develop nonintrusive diagnostic techniques to collect the required validation data.
The flowfield in the combustor of a scramjet engine is characterized by much of the flow physics of the inlet, but it is further complicated by: Computations of combustor flowfields typically employ codes that solve either the parabolized or full Navier-Stokes equations, depending upon the region of the combustor being modeled and the degree of flow separation and adverse pressure gradient being encountered. Steady-state methods are normally used with limited unsteady analyses for mixing studies or the analysis of combustion instabilities. Turbulence is again modeled using algebraic or two-equation models with empirical compressibility corrections and wall functions. There is a limited use of models to account for turbulence-chemistry interactions based on assumed probability density functions. Thermodynamic properties are determined utilizing perfect gas or, in some cases, real gas models. Chemical reaction is modeled with reduced reaction set finite rate models. For the hydrogen-air reactions occurring in a hydrogen fueled scramjet, a typical reaction mechanism includes nine chemical species and eighteen chemical reactions, although other mechanisms are employed as the case dictates [44] . Hydrocarbon-fueled scramjet concepts are modeled with more complex mechanisms that must be further reduced to allow practical computations. Calculations in each case are typically conducted on fixed structured grids of 200,000 to 2,500,000 points in multizone domains. Typical run times on a Cray C-90 computer range from 30 to over 300 hours.
The results of a calculation of the near-field of a transverse fuel injector design utilized in a scramjet combustor is shown in Figure 8 [45] . Conventional scramjets utilize streamwise fuel injection in the lower Mach number regime to produce the desired heat release schedule in the combustor. In the higher Mach number regime, some transverse injection is utilized to increase mixing in order to achieve the required heat release schedule with shorter combustor residence times. The flow near an aligned pair of transverse fuel injectors downstream of a rearward facing step is diagrammed in the Figure 8 . In this study, air mixed with a small amount of iodine injected at Mach 1.35 is used to simulate the fuel. The iodine allows the injectant to be measured and tracked as it mixes with upstream air initially introduced at Mach 2. A comparison of the measured and computed mole fraction of injectant in a streamwise plane cutting through the center of the injectors is also shown in Figure 8 . The agreement between the experimental data and the computed results is quite good.
Many of the future technology needs for combustor simulations follow from the needs for inlets described earlier, but many of the additional requirements will be more difficult to achieve. For combustor modeling, a factor of ten improvement in the efficiency of steady-state and temporal Navier-Stokes codes will be needed to carry out the required calculations with the necessary accuracy and design turn-around time. Multigrid methods again offer promise for significantly enhancing convergence rates, but the application of multigrid methods to reacting flows also results in additional challenges for success with the method [40] . Current research to apply multigrid methods to high speed reacting flows has resulted in a significant improvement in convergence rates over single grid methods. Dynamic grid adaptation will become even more important for capturing the complex flow structure in combustors, in particular the shock-expansion and vortical structure in the flow. Proper resolution of vortical flow requires very high resolution to conserve angular momentum. Again, there is a serious need for improved turbulence modeling in high speed reacting flows, both to model the turbulence field and to properly couple the effects of turbulence on chemical reaction and reaction on turbulence. Promising work is again taking place in this area using several approaches.
Techniques using velocitycomposition probability density functions have been successfully applied to incompressible reacting flows, and this work is now being extended [46] , to model compressible reacting flows. Work is also underway [43] to apply large eddy simulation (LES) techniques to compressible reacting flows. Subgrid scale models for the LES of these flows are currently being developed using methods previously applied for modeling the full range of flow scales. Finally, further work is needed to simplify the modeling of chemical reaction in combustor flowfields.
Methods for systematically reducing the number of reactions in a full reaction mechanism are required to reduce the computational work [47] .
A number of promising methods are under development. They were discussed in a previous section.
As with the modeling of inlet flowfields, experiments are also required to provide data for the validation of combustor codes. In addition to the data required for validating inlet modeling, combustor code validation will require extensive temperature and species concentration measurements, as well as the correlations of these quantities with each other and with velocity for validation of advanced turbulence models. Measurements of all of the required flow variables are more difficult to obtain in the reacting flow environment of a scramjet combustor. Significant work will again be required to develop nonintrusive diagnostic techniques suitable for making the required measurements.
The flowfield in the nozzle of a scramjet engine is characterized by much of the flow physics of the inlet and combustor, but additional requirements include the modeling of: Computations of nozzle flowfields are usually conducted with Euler codes or Euler codes iterated with boundary layer calculations for initial engineering design studies, and with either parabolized or full Navier-Stokes codes for more detailed studies. Steady-state methods are normally employed. Turbulence is modeled by algebraic or two-equation models with empirical compressibility corrections and wall functions. Perfect gas or, when necessary, real gas models are used to determine thermodynamic properties. Chemical reaction is modeled with reduced kinetics models as utilized in the upstream combustor flow. Finite rate analyses are still required in the nozzle to assess the degree of reaction that continues to take place and to determine the extent of recombination reactions that add to the available thrust. Calculations for complete nozzles are typically carried out on structured grids of 100,000 to 500,000 nodes grouped in multizone domains. Typical run times range from 1 to 40 hours on a Cray C-90 computer.
The results of a simulation by Sindir to optimize nozzle performance are given in Figure 9 . A parametric study is performed on a three-dimensional nozzle using a distribution of inflow profiles that are given in the figure. Profiles are characterized in terms of the flow distortion, given by e p = P avg /P max . Mass and stream thrust are held constant for all of the profiles. Simulations using each profile are conducted using a 3D Euler code. The effects of the various flow profiles are characterized in terms of nozzle efficiency, thrust, and thrust vector angle. Plots of nozzle efficiency and thrust vector angle vs. the distortion parameter are also given in Figure 9 . Clearly, nozzle performance is greatly affected by flow non-uniformity. Efficiency tends to increase when the distortion parameter becomes more negative with increasing pressure toward the cowl side of the engine. Therefore, high inflow distortion, oriented appropriately, can favorably affect nozzle performance.
Future technology needs for nozzle simulations, even though less demanding, follow very similar lines to the requirements for combustor simulations. A factor of five improvement in the efficiency of the steadystate Navier-Stokes codes is needed. Dynamic grid adaptation will also be useful for capturing shock structure and resolving possible wall separation due to shockboundary layer interactions. There is a need for improved turbulence models for describing nozzle flows. Algebraic Reynolds stress turbulence models offer significant promise for describing these flowfields [41, 42] . The reduced kinetics models currently being applied to nozzle flows appear to be reasonably accurate, although some further work to improve the description of recombination may be warranted. Validation requirements for nozzle codes are similar to those required for combustor codes.
Injection and Mixing
The critical issues of fuel injection and mixing in a scramjet combustor were discussed in this session by Nejad, Brown, and Dimotakis. A number of key issues for efficient fuel injection, mixing and combustion were first considered. The shear/mixing layer flow was then discussed to provide a mechanism for a better understanding of the fundamental physics of fuel-air mixing and combustion. A number of conventional fuel injection strategies were then described followed by several new less conventional techniques. Finally, an appraisal of these injection strategies were made.
There are several key issues that must be considered in the design of an acceptable fuel injector. Of particular importance are the total pressure losses created by the injector and the injection processes, that must be minimized since they reduce the thrust of the engine. The injector design also must produce rapid mixing and combustion of the fuel and air. Rapid mixing and combustion allow the combustor length and weight to be minimized, and they provide the heat release for conversion to thrust by the engine nozzle. The fuel injector distribution in the engine also should result in as uniform a combustor profile as possible entering the nozzle so as to produce an efficient nozzle expansion process. At moderate flight Mach numbers, up to Mach 10, fuel injection may have a normal component into the flow from the inlet, but at higher Mach numbers, the injection must be nearly axial since the fuel momentum provides a significant portion of the engine thrust. Intrusive injection devices can provide good fuel dispersal into the surrounding air, but they require active cooling of the injector structure. The injector design and the flow disturbances produced by injection also should provide a region for flameholding, resulting in a stable piloting source for downstream ignition of the fuel. The injector cannot result in too severe a local flow disturbance, that could result in locally high wall static pressures and temperatures, leading to increased frictional losses and strict wall cooling requirements.
Compressible shear/mixing layers and jets provide a good model problem for studying the physical processes occurring in high-speed mixing and combustion in a scramjet. Mixing layers are characterized by large-scale eddies that form due to the high shear that is present between the fuel and air streams. These eddies entrain fuel and air into the mixing region. Stretching occurs in the interfacial region between the fluids leading to increased surface area and locally steep concentration gradients. Molecular diffusion then occurs across the strained interfaces.
There has been a significant amount of experimental and numerical research to study mixing layer and jet flows [48] [49] [50] [51] [52] [53] [54] [55] [56] . For the same velocity and density ratios between fuel and air, increased compressibility, to the levels present in a scramjet, results in reduced mixing layer growth rates and reduced mixing. The level of compressibility in a mixing layer with fuel stream 1 and air stream 2 can be approximately characterized by the velocity ratio, r = U 2 /U 1 , the density ratio, s = ρ 2 /ρ 1 , and the convective Mach number, M c = (U 2 -U 1 )/(a 1 + a 2 ) where a is the speed of sound. Increased compressibility reorganizes the turbulence field and modifies the development of turbulent structures.
The resulting suppressed transverse Reynolds normal stresses seem to result in reduced momentum transport. In addition, the primary Reynolds shear stresses responsible for mixing layer growth rate also are reduced. The primary mixing layer instability becomes threedimensional with a convective Mach number above 0.5, reducing the growth of the large scale eddies. Finally, the turbulent eddies become skewed, flat, and less organized as compressibility increases. All of these effects combine to reduce the growth rate of the mixing layer and the overall level of mixing that is achieved.
Several phenomena result in the reduction of mixing with increasing flow velocity, including velocity differential between fuel and air, and compressibility. Potentially, the existence of both high and low growth and mixing rates are possible, and the engine designer with an understanding of the flow physics controlling these phenomena can advantageously use these effects. The shock and expansion wave structure in and about the mixing layer can interact with the turbulence field to affect mixing layer growth [48] .
Shock and expansion waves interacting with the layer result from the engine internal structure. Experiments have shown that the shocks that would result from wall and strut compressions appear to enhance the growth of the twodimensional eddy structure (rollers) of a mixing layer. This effect is most pronounced when the duct height in the experiment and the shear layer width become comparable. Waves may be produced by the mixing layer itself under appropriate conditions. Localized shocks (often termed shocklets) occur within the mixing layer when the accelerating flow over an eddy becomes supersonic even when the surrounding flow is subsonic. When the overall flow is supersonic, the eddy shocklets will extend as shocks into the flow beyond the individual eddies. These shocklets can retard eddy growth due to increased localized pressure around the eddy.
The growth of a mixing layer produces a displacement effect on the surrounding flow field. This displacement in confined flow produces pressure gradients that can affect the later development of the mixing layer, typically retarding growth. When chemical reaction occurs in a mixing layer, resulting in heat release, the growth of the mixing layer is retarded in both subsonic and supersonic flow [48, 49] . The effect of heat release can also vary spatially as a function of the local stoichiometry and chemical reaction. Dimotakis noted that the retarded growth in both instances can be reversed, however, by allowing the bounding wall to diverge relative to the initial wall angles where retarded growth was noted [50] .
Several options are available for injecting fuel and enhancing the mixing of the fuel and air in high speed flows typical of those found in a scramjet combustor. Nejad discussed the two traditional approaches for injecting fuel include injection from the combustor walls and instream injection from struts. The simplest approach for wall injection involves the transverse injection of the fuel from wall orifices. Transverse injectors offer relatively rapid near-field mixing and good fuel penetration. Penetration of the fuel stream into the crossflow is governed by the jet-tofreestream momentum flux ratio. The fuel jet interacts strongly with the crossflow, producing a bow shock and a localized highly three-dimensional flow field.
Resulting upstream and downstream wall flow separations also provide regions for radical production and flameholding, but they can also result in locally high wall heat transfer. Compressibility effects noted earlier for mixing layer flows also are evident in the mixing regime downstream of a transverse jet. Compressibility again retards eddy growth and breakup in the mixing layer and suppresses entrainment of fuel and air, resulting in a reduction in mixing and reaction. Noncircular orifice injectors, including elliptical and wedge shaped [59] cross-sections, produce a weaker bow shock and reduced separations, resulting in lower losses and wall heating problems. The lateral spread of the fuel jet is also enhanced, and overall mixing is improved, although there is some reduction in transverse penetration.
Improved mixing has also been achieved using alternative wall injector designs. Wall injection using geometrical shapes that introduce axial vorticity into the flow field has been successful. Vorticity can be induced into the fuel stream using convoluted surfaces or small tabs at the exit of the fuel injector. Alternatively, vorticity can be introduced into the air upstream of the injector using wedge shaped bodies placed on the combustor walls. When strong pressure gradients are present in the flowfield, e.g. at a shock, vorticity aligned with the flow can be induced at a fuel-air interface, where a strong density gradient exists, by virtue of the baroclinic torque. Fuel injection ramps have proven to be an effective means for fuel injection in a scramjet engine. Two ramp injector schemes are diagrammed in Figures 10 a & b . Fuel is injected from the base of the ramp.
The unswept ramp configuration provides nearly streamwise injection of fuel to produce a thrust component. Flow separation at the base of the ramp provides a region for flame holding and flame stabilization through the buildup of a radical pool. The ramp itself produces streamwise vorticity as the air stream sheds off of its edges, improving the downstream mixing. The swept ramp design provides all of the features of the unswept ramp, but the sweep results in better axial vorticity generation and mixing. A novel variation on the swept wedge injector, termed the aeroramp injector, is also shown in Figure 10c . It utilizes three arrays of injector nozzles at various inclination and yaw angles to approximate the physical swept ramp design. The aero-ramp injector has many of the features of the swept ramp design without the losses associated with an intrusive device. A comparison of the two injectors is given in Figure 11 , where transverse fuel penetration, lateral spread, plume area, and mass fraction decay are shown.
While transverse penetration and plume area are reduced with the aero-ramp, lateral spread and mass fraction decay are nearly the same as those for the swept ramp injector.
In-stream injection also has been utilized for fuel injection in a scramjet.
Traditional approaches involve fuel injection from the sides and the base of an instream strut. Transverse injection results in behavior identical to transverse fueling from the wall. Injection from the base of the strut results in slower mixing as compared to transverse injection. A combination of transverse and streamwise injection, varied over the flight Mach number range, often has been utilized to control reaction and heat release in a scramjet combustor.
As noted earlier, however, streamwise injection has the advantage of adding to the thrust component of the engine. To increase the mixing from streamwise injectors, many of the approaches utilized to improve wall injection, including noncircular orifices, tabs, and ramps, have been utilized successfully. Several new concepts have emerged as well. Pulsed injection using either mechanical devices or fluidic oscillation techniques have shown promise for improved mixing. A fluidic approach using a HartmannSprenger tube, shown schematically in Figure  12a , offers a possible means of producing a rapid pressure oscillation with large amplitude by means of a geometrically simple device. Fuel injection schemes integrated with cavities also provide the potential for improved mixing and flameholding. One possible design is shown in Figure 12b . This integrated fuel injection/flameholding device, utilizing fuel injection into a cavity and from its base, integrates the fuel injection with a cavity that provides flameholding, flame stabilization, and mixing enhancement if the cavity is properly tuned.
Even with these results regarding the behavior of mixing layer flows and a number of techniques for enhancing fuel-air mixing, a number of issues remain to be studied. Indeed, a controversy still exists that questions whether fuel-air mixing will even be a problem in a scramjet engine in flight. The issue is whether or not the turbulence present in the atmosphere and ultimately present in the inlet flow will provide sufficient turbulent mixing of fuel and air in the combustor. Since all of the work to study high-speed mixing flows has been conducted (or simulated) using a different (earth bound) environment, the need for enhanced mixing still remains unresolved.
Concluding Remarks
The presentations and discussion periods of the workshop resulted in a number of interchanges between engine developers and members of the associated research community that provided a better understanding of the efforts in each topical area, in keeping with the workshop objectives. The status of the overall engineering effort was described, as were critical needs for successful extensions.
The status of current research in supersonic mixing and combustion was described to the engineering community. A number of plans for future research were discussed. In many instances, the current work and future research plans were consistent with the engineering needs. In other instances, however, needs became apparent that are not being addressed directly.
While the procedures for engine design are well established and fruitful, the inability to make the all of the necessary measurements clearly necessitates further work to develop additional measurement and diagnostic tools. Measurement sensitivities for several critical engine parameters are given in Table 5 . Weaknesses requiring improved measurement techniques and devices are also pointed out in the table. Accurate in-stream measurements of velocity, temperature, pressure, and chemical species in engine flow fields using nonintrusive diagnostics are also critical to develop a successful engine design. A summary of diagnostic capabilities for laser-based instrumentation applied to scramjet testing is given in Table 6 . The problems for each approach described in the Table must be resolved, or new methods must be developed where necessary. Future approaches must be based on inexpensive and robust technologies, and the resulting instrumentation must be useful in hostile testing environments.
Simulation and modeling capabilities must be extended to allow more routine application to realistic engine geometries. An order of magnitude increase in computational speed must be achieved before engine design codes can meet this challenge. Multigrid methods appear to be one approach for achieving this goal, but significant work is needed before applying this method to high-speed reacting flows. Improving computer architectures, particularly parallel processors, also will provide some of the needed enhancement. Turbulence modeling also requires significant work. Research is needed not only to improve the capability for modeling the flowfield turbulence, but also to describe the interaction of turbulence with chemistry in a compressible reacting flow. For the analysis of engine component flows, large eddy simulation may provide a means for computing (rather than modeling) a larger proportion of the scale of the flow. To model chemical reaction of fuel and air in an engine, reduced kinetic models must be developed to reduce computational time required for solving the species equations, particularly for hydrocarbon fuels.
To support hydrocarbon-based scramjet engine development, a comprehensive data base for C 7 -C 12 aliphatic fuel components under scramjet conditions should be developed. In addition, surrogate hydrocarbon fuels should be selected based upon available information about endothermic behavior and catalysis. And finally, the aliphatic fuels data base should be utilized to derive suitable starting and reduced mechanisms for candidate fuels.
Several approaches for fuel injection in the combustor were discussed. Designs utilizing geometries or flow alterations that induce streamwise vorticity to enhance mixing appear to be most promising. Losses induced by the injection process reduce the efficiency of the injector in most designs, however. Future work to optimize the injector design for maximum mixing enhancement with minimum losses will be needed. Work to relate findings from simulations or ground based testing to actual conditions in flight should be included.
Issues regarding the thermochemical and transport behavior of the fuels were also raised. A better understanding of the state of hydrocarbon fuels as their temperature increases in vehicle cooling passages is important for design. Changes in the state of the fuel can affect the reactivity of the fuel and the resulting combustion efficiency significantly. There is a lack of understanding of the physical processes that may contribute to these effects.
To understand these phenomena, changes in the fuel state must be studied in a realistic simulation of the scramjet preheating and combustion processes. A coannular or opposed-jet burner that would burn hot, partially reacted fuels represents one possible relevant experiment for such studies. Traditional premixed combustion devices appear to be inadequate to address the important issues.
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